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Phase transitionDirect deposition of a noble metal layer onto a solid-supported membrane was proposed as an indirect micros-
copy tool to visually observedifferent lipid phases thatmay develop in the lipidmembrane. Themethod relied on
the different permeability of the lipid membrane towards the incident atoms during deposition. Liquid state or
structural defects such as phase boundaries, step ledges in a multi-lamellar stack, and pores permitted the
metal atoms to penetrate and nucleate inside the membranewhereas rigid gel state was relatively impermeable
to the incident atoms, thus enabling visualization of liquid phase or structural defects inside the gel state. Based
on the proposed method, we demonstrated the phase states resulting from thermotropic transitions of 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), dioleoylphosphatidylethanolamine (DOPE)/DPPC mixture,
and 1,2-dioleoyl-3-trimethylammonium propane (DOTAP). Although the proposed method does not allow
in-situ observation of equilibrium states, the method should be an excellent complementary tool for visualizing
the lipid phases as the method can resolve ﬁne structural details (up to tens of nanometer scale) as seen in the
DPPC membrane while providing macroscopic images (up to several micrometers).
© 2012 Elsevier B.V. All rights reserved.1. Introduction
A solid-supported lipid membrane has been traditionally used to
simulate the molecular processes occurring at the biological mem-
branes [1]. With recent developments in nanotechnology and sophis-
ticated analytical tools, potential application of solid-supported lipid
membranes has greatly expanded to biomedical materials and
biofunctional devices [2]. In fact, solid-supported lipid membranes
were used to demonstrate the electrical bistability of organic memory
nanodevice [3] and develop a voltametric sensor [4,5] and multilayer
grating [6] for biosensing. Solid-supported lipid membranes were
also used as a template to fabricate nanostructured materials [7].
Previously, noble metal (Ag and Au) and transition metal oxide
nanoparticles were produced by direct deposition of the respective
metal onto a supported lipid membrane [8]. During the process, it
was found that depending on the lipid phase the interaction of the
metal atoms with the lipid membrane was dramatically different. A
lipid membrane in its liquid state, Lα was permeable to the incident
metal atoms, thus allowing the metal atoms to penetrate the mem-
brane surface and to form metal nanoparticles below the membrane
surface whereas in the rigid gel state, Lβ the incident metal atoms
were unable to penetrate and nucleate inside the lipid membrane.
In this paper, we propose a simple method of studying the phase
state of lipid molecules based on the observed difference in thel rights reserved.metal interaction with the solid-supported lipid membrane. Phase
states of lipids are usually determined using nuclear magnetic reso-
nance [9], small angle X-ray scattering [10], and differential scanning
calorimetry [11] but thesemethods aremacroscopic and do not provide
local spatial information. Confocal ﬂuorescent microscopy (CFM) can
supply mesoscopic spatial information, but its resolution is still limited
to a micrometer scale [12]. Meanwhile, atomic force microscopy (AFM)
is the preferred tool to elicit local structural information of various lipid
systems with the highest spatial resolution [13]. Because AFM is inher-
ently surface-sensitive, obtaining clean AFM images is not always trivi-
al. On the other hand, the phase state of lipids between liquid and gel
states can be routinely detected by the deposition of noble metal onto
the lipid membrane and transmission electron microscopy (TEM). In
addition, the morphology and arrangement of nanoparticles can pro-
vide a great deal of information on the local structure of the lipid mem-
brane because the nanoparticles formed inside themembrane range are
in a nanometer scale in size. The proposed method would be an excel-
lent complementary microscopy tool to probe the structural changes
in the lipid membrane in addition to AFM and CFM. 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) whosemain gel-to-liquid crystal-
line phase transition (Lβ→Lα) occurs at ~40 °C in excesswater [14]was
employed to demonstrate the potential use of the proposed method. In
addition, previously unreported high-temperature phase transition of
1,2-dioleoyl-3-trimethylammonium propane (DOTAP) and immiscibil-
ity of DPPCwith dioleoylphosphatidylethanolamine (DOPE) are also in-
cluded to further ascertain the reliability of the method to probe the
phases of different lipid systems.
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Solid-supported lipid membranes were prepared by spin-coating
the lipid solution onto a Si substrate. Lipid solution was made by dis-
solving the lipids (DPPC, DOPE, and DOTAP purchased from Avanti
Polar Lipids Inc.) in chloroform (10 mg/ml). 100 μl of the lipid solu-
tion was used to form the multilayer by spin coating the lipid solution
at 5000 rpm onto a 2 cm×2 cm Si substrate. After spin coating, the
solvent was allowed to evaporate in a freeze dryer for 12 h. The
solid-supported lipid membranes were immediately placed into a
humidity-controlled furnace which was pre-conditioned to the de-
sired humidity and temperature for 2 h prior to each experiment to
minimize the effect of heating/cooling rates on the lipid phase transi-
tion. The lipid membrane was kept at different temperatures (10 °C–
60 °C) at 80% relative humidity (RH) for 24 h in the furnace. To probe
the phase state of the lipid membranes, the conditioned membrane
was immediately removed from the furnace and transferred into a
vacuum chamber for metal evaporation. In order to reach the desired
vacuum level, the chamber was pumped for 3 h prior to the metal
evaporation. Then 3-nm-thick Ag (or Au) layer was deposited using
a thermal evaporator. The amount of Ag (or Au) was monitored
using a quartz balance. The sample was shielded from the metal
source using a shutter (as heat transfer occurs mainly by radiation
in the vacuum chamber) and the sample was exposed to the source
for 1.5 min for the metal deposition (deposition rate of 0.01 nm/s).
TEM (JEOL 2010) was used to characterize the Ag (or Au) nanoparti-
cle morphology. For preparing the TEM specimen, a TEM Cu gridFig. 1. TEM images of the Ag nanoparticles from the DPPC membrane that were kept at 10
room temperature, (d) schematic image the Ag nanoparticles nucleated on the lipid stack lcovered with amorphous carbon ﬁlm was placed on the substrate
prior to the lipid spin-coating. The lipid spin-coating, annealing and
metal deposition were carried out directly on the TEM grid. TEM ob-
servation was made without further treatment of the specimen. In
order to ensure that the phase state of the lipid membrane was not af-
fected by the metal deposition, AFM measurements were carried on
the treated membranes before the metal deposition to corroborate
the TEM results.
3. Results and discussion
DPPC undergoes sub-, pre-, and main transitions during which
subgel phase, Lc′ changes to Lβ at 19 °C, Lβ to ripple phase, Pβ′ at
36.5 °C and ﬁnally Pβ′ to Lα at 41.9 °C [15]. In order to observe the
structure of the DPPC membrane at different phase states, the DPPC
membrane heated to different temperatures up to 60 °C was cooled
to room temperature for the metal deposition; hence, it is noted
that the DPPC membrane was not in its equilibrium state when ob-
served by TEM; therefore, it was not able to observe all the phases de-
veloped during the Lβ→Lα transition.
Fig. 1 shows a set of TEM images from the DPPC membrane that
was kept at 10 °C and 80% RH for 24 h after which 3-nm-thick Ag
was deposited on the membrane. From the low magniﬁcation TEM
image in Fig. 1(a), it appears that the DPPC membrane which should
be in its gel state has a series of ﬂat terraces with sharp steps. The TEM
image closely resembles the steps observed in themulti-lamellar stacks
of DPPC in the gel state prior to themain transition, imagedbyAFM [16].°C and 80% RH for 24 h after which 3-nm-thick Ag was deposited on the membrane at
edges.
Fig. 2. TEM images of the Ag nanoparticles from the DPPC membrane that were kept at 20 °C and 80% RH for 24 h after which 3-nm-thick Ag was deposited on the membrane at
room temperature.
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a magniﬁed TEM image in Fig. 1(b). The Ag nanoparticles whose aver-
age diameter was 3.2±0.8 nm were sparsely distributed. The DPPC
membrane in the gel state is stiffer compared to the liquid crystalline
membrane, which was attested by force spectroscopy using AFM so
that it took a greater force for the AFM tip to penetrate or puncture
the gel phase than the liquid phase [17]. Hence, the incident Ag atoms
were hardly able to penetrate the DPPC membrane and nucleate inside
the gel membrane. In the case of the liquid state, it was amply demon-
strated that Ag atoms formed a densemonolayer of nanoparticles with-
in themembrane [7]. Example inwhich a string of Ag nanoparticleswas
formed along the terrace (or lamellar) step is shown in Fig. 1(c). Even
though the Ag atoms could not nucleate inside the gel membrane, a
string or cluster of Ag nanoparticles were found along defects such as
surface steps as Fig. 1(c) or domain boundaries as schematically illus-
trated in Fig. 1(d).
At 20 °C, judging from the uniform contrast of the TEM image in
Fig. 2(a), the membrane became considerably ﬂat and numerous lin-
ear strings of Ag nanoparticles were observed as shown in Fig. 2(b).
The strings of Ag nanoparticles appeared to occupy the boundary be-
tween two domains that were used to be at different heights since theFig. 3. TEM images of the Ag nanoparticles from the DPPC membrane that were kept at 30
room temperature.areas approximately enclosed by the Ag nanoparticle strings were
close to those of the dark regions in Fig. 1(a). Narrow cracks in the bi-
layer surface of DPPC have been previously observed by AFM [18,19]
and was preferentially ﬁlled by C14-peptide molecules [19], similar to
the Ag nanoparticles shown in Fig. 2(b).
For the sample that had been kept at 30 °C which was close to the
Lβ→Pβ′ pretransition temperature, there were numerous small circu-
lar regions completely enclosed by the Ag nanoparticles while accom-
panied by the disappearance of the strings of nanoparticles related to
the defect lines as shown in Fig. 3(a). The enclosed loops were
~50 nm in diameter. A magniﬁed image in Fig. 3(b) demonstrates
the difference in size and packing of the Ag nanoparticles inside and
outside the enclosed region. The Ag nanoparticles inside the enclosed
loop were much smaller in size compared to the nanoparticles out-
side, but densely packed. The dense packing of the nanoparticles in-
side the enclosed areas suggests that the circular region is likely in a
ﬂuid-like state. Although coexistence of the metastable Lα+Lβ region
before the transition to Pβ’ during rapid cooling of a binary lipid system
has been suggested [20,21], to our best knowledge, an intermediate
ﬂuid state prior to the Lβ→Pβ′ transition for DPPC has not been reported.
Considering the fact that the membrane was in a non-equilibrium state,°C and 80% RH for 24 h after which 3-nm-thick Ag was deposited on the membrane at
Fig. 4. (a), (b) TEM images of the Ag nanoparticles from the DPPC membrane that were kept at 40 °C and 80% RH for 24 h after which 3-nm-thick Ag was deposited on the
membrane at room temperature, (c) AFM image of the DPPC membrane prior to the Ag deposition together with the depth proﬁle along the marked line.
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which would be re-arranged into a linear structure for the formation of
Pβ′ [22].
After heating to 40 °C just below the main transition, there were
large areas in the membrane whose boundary was distinctively
marked by encircling Ag nanoparticles as shown in Fig. 4(a). The
encircled region was lighter in color, and a core with a higher densityFig. 5. TEM images of the Ag nanoparticles from the DPPC membrane that were kept at 50
room temperature.of Ag nanoparticles was observed at the center of the enclosed region.
In fact, the monolayer of densely packed Ag nanoparticles in the core
well matched the morphology of the Ag nanoparticles embedded in
the Lα state. Since AFM images of Pβ’ and Lα phases have been simul-
taneously observed well below the main transition [21,23], the
enclosed region outside the Lα region may be a remnant ripple
phase left over during cooling from 40 °C to room temperature. The°C and 80% RH for 24 h after which 3-nm-thick Ag was deposited on the membrane at
Fig. 6. (a) TEM images of the Ag nanoparticles from the DPPC membrane that were kept at 60 °C and 80% RH for 24 h after which 3-nm-thick Ag was deposited on the membrane at
room temperature. Circles in (b) indicate the agglomerated Ag nanoparticles in the voids in the membrane.
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that may have developed due to the presence of a ripple phase
whose presence can only be speculated by the proposed method.
Meanwhile, the surrounding bulk returned to the equilibrium gel
phase. An AFM image of the same sample prior to the Ag depositionFig. 7. TEM images of the Ag nanoparticles formed in theshown in Fig. 4(c) reproduced general structural features observed
using TEM with large circular regions with peaks in the center. How-
ever, we could not conﬁrm the ripple phase at the phase boundary
with AFM. However, the similarity between the AFM image in
Fig. 4(c) and the image obtained using TEM at least afﬁrms that theDPPC/DOPC mixture membrane at different ratios.
Fig. 8. TEM images of Au nanoparticles deposited onto the DOTAP membrane that were heat treated (a), (b) at 50 °C and (c), (d) at 80 °C with 50% RH prior to the metal deposition.
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tion of metal nanoparticles with the membrane. In fact, direct corre-
spondence between the TEM and AFM images was also observed at
other temperatures which are shown in Fig. S1–S6 in the Supporting
Material. Therefore, the TEM image in Fig. 4 could represent an incipient
stage of the main transition.
At 50 °C well above the main transition temperature, densely
packed Ag nanoparticles indicative of the liquid state were uniformly
distributed throughout most of the DPPC membrane. Fig. 5(a) shows
an occasional region that remained untransformed with large isolated
islands of Lα arrested in Lβ. The sharp phase boundary demarcating Lα
from Lβ that is shown in Fig. 5(b) clearly differentiates the two phases
with relatively larger Ag nanoparticles with higher number of parti-
cles per unit area observed in the Lα side. The DPPC membrane cooled
from 60 °C in Fig. 6(a) is similar to those previously produced using
in-situ AFM during the main phase transition [24]. The Lα region is
ﬂat with uniform contrast whereas the Lβ region had multiple stacks
with the stack boundary mapped out by the Ag nanoparticles. Shown
in Fig. 6(b) is an area with complex defect structures. The region
contained islands of Lα and the unidentiﬁed intermediate phase as
seen in Fig. 3(b) inside the Lβmatrix. Agglomeration of Ag nanoparticles
(marked in Fig. 6(b) by circles) possibly produced by voids in themem-
brane was also observed. In addition, nearly concentric lines of defects
emanating from the enclosed region in the center were also observed.
Fig. 6(b) exemplify some of the structural details that can be revealed
using the proposed method.A series of TEM images in Fig. 7 further illustrates the capability of
the proposed method to distinguish Lα or HII from Lβ. DPPC was
mixed with DOPE whose gel-to-liquid transition is below 0 °C [25].
Because two lipids are immiscible at room temperature due to the
large difference in the main transition temperature, phase separation
occurs in the two-component membrane [26]. Fig. 7 clearly shows the
change in the Ag nanoparticles density depending on the lipid phase
as observed in the case of the DPPC phase transition in Fig. 5. Increas-
ing fraction of Lβ and HII (or Lα and HII mixture) with increasing DOPE
concentration can be easily recognized from Fig. 7.
Furthermore, the lipid phase identiﬁcation that can be made with
the proposed is not limited to Lα and Lβ. TEM images of Au nanoparticles
deposited onto the DOTAP membrane that had been heat treated at
50 °C and 80 °C with 50% RH prior to the metal deposition is shown in
Fig. 8. DOTAP's gel-to-liquid transition is at 0 °C [27] and should remain
as Lα above the room temperature. A TEM image of the Au nanoparticles
formed inside the DOTAPmembrane that has been heat treated at 50 °C
is shown in Fig. 8(a). Similar to the case of the DPPC membrane in Lα,
the Au nanoparticles were densely packed with areas where the Au
nanoparticles stacked on top of one another. A magniﬁed image in
Fig. 8(b) shows that the Au nanoparticles were uniformly distributed
with no obvious pattern. However, after heating the DOTAP membrane
to 80 °C, the Au nanoparticle deposition in Fig. 8(c) revealed a complex
structure that was strikingly different from that obtained after heating
the DOTAP membrane to 50 °C. A series of distinctive parallel strings
of Au nanoparticles was observed. A magniﬁed TEM image in Fig. 8(d)
Fig. 9. Fluorescence microscopy images from the mixture of DOPE and DPPC in 1:1 ratio taken using Texas Red® 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (a) before
and (b) after Ag metal deposition, (c) magniﬁed ﬂuorescence microscopy image of (b) after the metal deposition, (d) composite TEM image of the same sample.
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the Au nanoparticles thatwere elongated along the direction of the par-
ticle alignment into a cylindrical form. The TEM images in Fig. 8(c) and
(d)were comparable to the Au nanoparticles previously found in a pure
DOPEmembrane. DOPE can exist in an inverted hexagonal phase, HII at
room temperature when hydrated [28]. We have previously demon-
strated that a linear alignment of Ag nanoparticles can be generated in
a solid-supported DOPE membrane by hydration and concluded that
the linear arrangementwas produced by the Ag nanoparticles selective-
ly occupying the inter-channel pores [29]. It is speculated that DOTAP
molecules undergo a phase transition from Lα to a three-dimensional
phase such as HII at an elevated temperature although such phase tran-
sition of DOTAP has not been reported in the literature. The phase tran-
sition may not be relevant because of the high temperature (~70 °C as
can be seen from the TEM images of the Au nanoparticles deposited
after annealing at 30 °C and 70 °C in Fig. S7 in the SupportingMaterial)
atwhich the phase transition occurs, Fig. 8 visually demonstrates an ex-
istence of a high-temperature ordered phase for DOTAP and the capa-
bility of the proposed to recognize such a phase.
Lastly, in order to demonstrate the reliability of the proposedmeth-
od, ﬂuorescence microscopy images of the mixture of DOPE and DPPC
in 1:1 ratio was obtained using Texas Red® 1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine (0.1 mol%). Two ﬂuorescence
microscopy images in Fig. 9(a) and (b) taken before and after Ag
metal deposition conﬁrm that the metal nanoparticle deposition did
not perturb the morphology of the lipid membrane at least at the
micro-meter scale as the two images were nearly identical. Fig. 9(c)and (d) compares the ﬂuorescence microscopy image after the metal
deposition with the TEM image taken from the same sample. The
TEM image is a mosaic composite image of 8 different TEM images to
display the two images in Fig. 9(c) and (d) on the same scale. Because
of the limitation in the resolution of ﬂuorescence microscopy, it was
difﬁcult to exactly correlate the ﬂuorescent image with the image
obtained by electron microscopy. However, the general features
shown in the ﬂuorescence microscopy images (grainy appearance)
were reproduced with much detail in the low magniﬁcation TEM
image in Fig. 9(d). Fig. 9 thus veriﬁes that the proposed microscopy
method can faithfully reproduce structural details of lipid membrane
systems with high resolution.
4. Conclusion
We have proposed an indirect microscopy tool to visually observe
different lipid phases that may develop in a solid-supported lipid
membrane. The method relied on the different permeability of the
lipid membrane towards the incident atoms during deposition of
noble metal layer on the lipid membrane. Liquid state or structural
defects such as phase boundaries, step ledges in a multi-lamellar
stack, and pores permitted the metal atoms to penetrate and nucleate
inside the membrane, thus enabling the visualization of such struc-
tures. Based on the proposed method, we demonstrated the phase
states resulting from thermotropic transitions of DPPC, DOPE/DPPC
mixture, and DOTAP. Although the proposed method does not allow
in-situ observation of equilibrium states, the method should be an
2891H.H. An et al. / Biochimica et Biophysica Acta 1818 (2012) 2884–2891excellent complementary tool for visualizing the lipid phases as the
method can resolve ﬁne structural details (up to tens of nanometer
scale) as seen in the DPPC membrane while providing macroscopic
images (up to several micrometers).
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